INTRODUCTION
Throughout his distinguished career, Gareth Thomas has pioneered the use of advanced transmission electron microscopy~TEM! techniques to determine structure-property relationships in materials at the highest levels of resolutioñ refer to the many examples in Thomas, 1962 Thomas, , 1998 Thomas and Goringe, 1979 !. These efforts are particularly important now, as nanostructured materials such as quantum devices and nanocomposites have attracted considerable technological attention and are currently being manufactured. In this paper, we describe applications of plasmon spectroscopy to determine various mechanical properties of materials at the nanometer level. It is quite difficult, if not impossible, to obtain such properties for nanoscale structures, particularly metastable nanophases, by other techniques. Application of this technique may provide new insights into understanding complex structure-property relationships in materials, which are generally determined by a number of intrinsic factors such as the atomic, crystalline, and electronic structures and bonding, and by extrinsic factors such as precipitates, impurities, grain boundaries, dislocation arrangements, and so forth. Nanoscale structures are particularly well-suited for analysis in a fieldemission gun~FEG! TEM, where subnanometer electron probes can be routinely obtained and provide atomic-level spatial resolution~;0.1-0.2 nm! and an energy resolutioñ ;0.7-1.7 eV! in parallel electron energy-loss spectra~PEELS! that are sufficient to monitor local electronic properties in a material~Egerton, 1996; Oleshko et al., 2000; Wang, 2000; Fultz and Howe, 2001 !. Therefore, the use of plasmon nanospectroscopy to evaluate the local mechanical properties of solid materials appears attractive.
Collective excitations of valence electrons with the creation of quantized quasi-particles~plasmons! is the primary inelastic scattering process that occurs as fast electrons pass through a thin solid specimen~Raether, 1980!. Plasmon diagnosing various states of matter, but practical use of plasmons in the analysis of material mechanical behavior is not widespread. It was recently realized~Gilman, 1999; Jao et al., 2001 ! that it might be possible to determine certain mechanical properties of materials, such as the elastic moduli or microhardness, from their volume plasmon energies. Here we present correlations between the volume plasmon energy, E p , and Young's~elastic! modulus, Y m , bulk modulus, B m , shear~rigidity! modulus, G m , and microhardness, H m , derived for a wide variety of materials using available literature and experimental data, as well as some examples of their use to characterize local mechanical properties in materials.
EXPERIMENTAL PROCEDURES
Microstructural observations and measurements of plasmon energies in the range of 0 to 100 eV were performed on a JEOL JEM-2010F FEG TEM operating at 200 kV with a high-tilt pole piece~C s ϭ 1.0 mm and 0.23-nm point-topoint resolution! and utilizing a Gatan Imaging Filter~GIF, Model 678! with EL/P, version 3.0 and Digital Micrograph, version 2.5 software packages. The microscope allowed us to obtain PEEL spectra from precipitates and matrices either by placing a small electron probe~;0.5 nm in diameter! on each, or by using the 0.6-mm entrance aperture to the GIF to select each phase for analysis. Thin foils of the Ti-H 800 ppm H! and Al-Cu~4 wt.% Cu! alloys were prepared by electropolishing 3-mm disks of the heat-treated alloys with solutions of 0.5M/l Mg~ClO 4 ! 2 or 25% HNO 3 in methanol, respectively, using a twin-jet Fischione apparatus. The heat treatments and details of these samples are provided elsewhere~Tsai, 1997; Fultz and Howe, 2001 !. Elemental compositions of the samples were monitored using an ultrathin window LINK Pentafet energy-dispersive X-raỹ EDX! detector and pulse processor interfaced with the NIST DeskTop Spectrum Analyzer software package, version 2.5.1.
RESULTS

Plasmon Energy-Mechanical Property Correlations
The linear log-log plots in Figure 1 present correlations between the average Young's moduli, Y m , bulk moduli, B m , and shear moduli, G m , reported for a variety of polycrystalline materials including metals ranging in atomic number from Na to W, semiconductors, A III B V compounds, carbides, hydrides, nitrides, alkali halides, and crystalline ceramics Stephens and Brown, 1980; Hirth and Lothe, 1982; Pfluger et al., 1984; Puls, 1984; Ashby and Jones, 1986; Woo and Carpenter, 1986; Smithells, 1991; Senkov et al., 1996; Krenn et al., 1998; Callister, 2000! Figure 4 points to a linear correlation between H m and E p on a log-log plot for 17 primarily covalently bonded materials~As, B, C, Ge, Se, Si, Te, BN, GaSb, InSb, InAs, VN, TiN, VC, and TiC! with a little scatter~R ϭ 0.93, SD ϭ 0.2!. In contrast to the Young's, bulk, and shear moduli, Poisson's ratio, n, which describes the resistance of a material to transverse deformations, generally lies between 0.21 and 0.45 and varies around a mean value of 0.31 for different materials~111 data points; except Be, where n ϭ 0.02; see the Appendix!, being rather insensitive to changes of E p . Statistical results of the linear regression analyses are summarized in Table 1 .
Examples
The following experiments illustrate how the data in Figures 1-4 can be used to understand material properties at the nanometer level. They involve estimation of the elastic moduli of thin, metastable precipitates contained in the matrices of Al-and Ti-based structural materials, relative to the matrices. It is practically impossible to determine the mechanical properties of such small, metastable phases experimentally using conventional techniques.
Cu precipitates in an a-Al matrix taken near a^100& zone-axis orientation in an Al-Cu alloy is shown in Figure 5a . The u ' precipitates form as 10-20-nm-thick, diskshaped plates several hundred nanometers in diameter on the $100% planes in the Al-rich matrix on aging~Mondolfo, 1976!. Accumulation of Cu within the u ' nanoplates was confirmed by EDX analysis using a 0.5-nm-sized electron probe. Figure 5b shows low-loss PEEL spectra obtained from the u ' -Al 2 Cu precipitate~1! and the adjacent a-Al matrix~2! acquired under identical conditions. Plasmon peaks from the matrix and precipitates are readily visible as single sharp peaks in Figure 5b . A low-intensity broadened feature at ;30 eV corresponds to a minor contribution of a second plasmon and could be essentially removed by a Fourier-log deconvolution~Egerton, 1996!. The a-Al matrix spectrum labeled 1 has a peak value E p ϭ 15.3 6 0.1 eV, in agreement with typical literature values~see Appendix!. The u ' plates displayed a value E p ϭ 15.2 6 0.1 eV. According to the data from the previous linear regression analysis~see Table 1 and Fig. 1 precipitates in an a-Ti matrix in a Ti-H alloy taken near â 01 N10& zone axis. Low-loss PEEL spectra acquired from TiH x precipitates and adjacent a-Ti matrix under identical conditions are shown in Figure 5d . The PEEL spectra are dominated by bulk plasmon peaks at 17.7 6 0.1 eV~1, matrix!, at 20.1 6 0.3 eV~2, hydride! and at 24.3 6 0.4 eṼ 3, probably partially oxidized hydride phase!, and also exhibit the minor Ti M 2,3 -edge starting at about 35 eV due to excitation of 3p 1/2 and 3p 3/2 electrons. Spectra 1 and 2 are similar to those reported by Zaluzec et al.~1981! for Ti and TiH 1.97 , respectively, where the positions of the volume plasmon peaks were 17.2 6 0.5 eV~17.69 eV, calculated for a-Ti! and 20.0 6 0.5 eV~19.4 eV, calculated for TiH 1.97 !. In the case of the a-Ti matrix, our measurements are also close to the reported value of 17.9 eV~17.8 eV, calculated! by Egerton~1996! for a pure Ti film. The shift of the bulk plasmon to higher energy losses in spectrum 3 was always associated with the appearance of a second band between 11.0 and 12.8 eV, that is characteristic for titanium oxidẽ Ahn and Krivanek, 1983 !. Usually, the spectrum of this type was a minor contribution to the PEEL spectra from the a-Ti matrix and TiH x , prevailing only occasionally. The Ti L 2,3 -edge at 455 eV and the O K-edge at about 530 eV were recorded in the inner-shell region both from the matrix and hydride phase~not shown!, thus indicating the formation of partially oxidized Ti/TiH x phases. The hydrides in Figure 5c are about 10-30 nm thick, but similar data could be obtained for smaller phases or particles, using a FEG probe or GIF entrance aperture, as mentioned previously. According to the linear regression analyses~see Table 1 ~see Table 1 
DISCUSSION
Plasmon Energy-Mechanical Property Correlations
The volume plasmon energy, E p , varies with the valence electron density, n, of a material due to single-electron excitations~Raether, 1980; Egerton, 1996! approximately as:
5 is the free electron plasma frequency, E g is the bandgap energy, e is the electron charge, « 0 is the permittivity of vacuum, and m is the electron mass.
E p is influenced by alloy composition, bonding, and band structure. Although low-energy interband transitions can decrease the plasma frequency by increasing the effective mass of valence electrons, for all semiconductors and some 354 Vladimir P. Oleshko et al. insulators, E g 2 Ͻ Ͻ E p 2 , so the "free-electron" approach is often a good approximation. Y m also increases with the electron density as described by the equation for E p above, because the bulk modulus, which is closely related to the elastic modulus, is proportional to the square root of n~Gilman, 1999!. Plasmons represent longitudinal density waves Raether, 1980!, and the elastic stiffness that governs these is B m ϩ 4G m /3. Since G m is small for an electron liquid, B m is the dominant term. For a variety of substances, their bulk moduli are related to plasmon energies as B m ϭ aE p 2 , where a depends on the type of chemical bonding and ranges from 1-4 ϫ 10 Ϫ3 Mbar/eV 2 for most materials of technological interest~Gilman, 1999!. For metals bound predominantly by the outer valence s-like electrons~"simple" metals!, this can be understood by applying a Wigner-Seitz model in which a metal is considered to consist of an array of positive ions immersed in an electron gas. The bulk modulus~compressibility! describes the resistance of a material to a change in volume, and, by definition, it can be expressed as:
where p is pressure, V is volume, and U~r! is the internal energy expressed as a function of atomic size r, dU/dr ϭ 0 and r ϭ r 0 at equilibrium, dr/dV ϭ 1/4pr 2 . The analytical expression for U~r! that comprises the potential energy terms related to electrostatic interaction of the electron with the positive nuclear ion, V a ϭ Ϫ3e 2 /2r, and to repulsion between charged elements at different locations within the uniform negatively charged cloud, V r ϭ 3e 2 /5r, and the kinetic energy, T, can be written as follows~Gilman, 1971!: At equilibrium~dU/dr ϭ 0, r ϭ r 0 !, and from equations~2! and~4!: Figure 5 .~a! Bright-field TEM image of u ' -Al 2 Cu precipitates in an a-Al matrix in an Al-Cu alloy taken near^100& zone and~b! low-loss EEL spectra obtained from the u ' -Al 2 Cu precipitate~1! and the adjacent a-Al matrix~2! acquired under identical conditions.~c! Bright-field TEM image of TiH x precipitates in an a-Ti matrix in a Ti-H alloy taken near 01 N10& zone axis and~d! low-loss EEL spectra acquired from TiH x precipitates~2 and 3! and the adjacent a-Ti matrix 1! under identical conditions. 356 Vladimir P. Oleshko et al. Therefore, E m and G m may be expressed from equation~6!, respectively, as:
These moduli are similarly related to the square of the plasmon peak energy.
The statistical results for all of the linear regression analyses shown in Figures 1-4 compare reasonably well with the simplified model above. The greatest deviations occur for some properties associated with covalent semiconductors. In Figures 1-4 , the moduli and microhardness were plotted as functions of the plasmon energy, E p , so experimentally one can measure E p locally in a material and use that value to estimate the corresponding mechanical properties, as illustrated by the examples in the previous results and discussed in the next section. There is significant error in making such estimates from Figures 1-4 , as quantified in Table 1 . For example, it may be possible to obtain only an order-of-magnitude estimate of Y m from a value of E p for a particular material from Figure 1a , where all material values are plotted. However, within a particular class of materials or in certain well-defined situations, this error can be significantly reduced, to within 30% of the actual values or better, as shown in Figures 2a, 3 , and 4, for example. In actuality, both the material properties and plasmon energy depend on the valence electron density. This is illustrated in Figure 6 , where a log-log plot of the calculated electron density at the boundary of Wigner-Seitz cells, n b Alonso and March, 1989!, versus E p , for many elementsmetals, metalloids~As, B, Ge, Si!, and nonmetal C~dia-mond!, 129 points in total-shows a linear regression with rather small scatter~R ϭ 0.94, SD ϭ 0.11!. Indeed, n b can be identified~and agrees quite well! with the interstitial electron density obtained in self-consistent Koringa-KohnRostoker~KKR! local-density electron band structure calculations based on the muffin-tin approximation~Moruzzi et al., 1978!, thus indicating that the measured volume plasmon energy is governed by the ground-state electron density, which determines the ground-state properties of a many electron assembly. Moreover, for many elements, the interstitial electron densities~Fig. 3.1 in Moruzzi et al., 1978! and experimental Microhardness is not an intrinsic material property, since it represents the resistance of a material to plastic deformation and it involves the nature of dislocation motion. However, it can be related to the elastic and shear moduli through the Peierls stress~Krenn et al., 1998!. Figure 4 points to a linear correlation between H m and E p on a log-log plot for 17 primarily covalently bonded materials As, B, C, Ge, Se, Si, Te, GaSb, InSb, InAs, a-SiC, a-Si 3 N 4 , BN, VN, TiN, VC, and TiC, 26 points in total! with little scatter~R ϭ 0.93, SD ϭ 0.2!.
The obtained correlations in many cases reflect the dominant role of the valence electron density as a basic intrinsic factor in determining the mechanical properties of a material, although several other intrinsic factors such as the band structure~low-energy interband transitions!, crystal symmetry, and type of bonding, especially, in the case compounds, may significantly influence relationships between elastic moduli and microhardness, resulting in deviations from the ideal lg P m ϭ A ϩ 2 lg E p dependencies expected for simple metals from equations~6!,~8!, and~9!. In macroscopic, polycrystalline materials, the observed mechanical properties may also be affected by many other extrinsic factors such as impurities, precipitates, phase morphologies, surface, defect, and interface structures~bound-aries!, dislocation nucleation and propagation, and so forth.
Precipitate Analyses
The u ' nanoplates formed on the $100% planes~Fig. 5a! impart considerable strength to Al alloys and are often used in combination with other strengthening precipitates Polmear, 1995!. Gareth Thomas performed some of the first TEM studies on these precipitates back in -1960 Nicholson et al., 1959 Whelan, 1959, 1960 ! and more recently using high-voltage TEM operating at 100, 650, and 1000 kV in the same area of a foil~Thomas, 1998!. Figure 5b displays EELS data for u ' precipitate plates in the Al-Cu system~1! and the adjacent a-Al matrix~2!. Although accumulation of Cu within the u ' nanoplates was confirmed by EDX analysis using a 0.5-nm-sized electron probe, the single sharp plasmon peaks from precipitates E p ϭ 15.2 6 0.1 eV! and the matrix~15.3 6 0.1 eV! almost coincide. The Appendix shows that Al has a Young's modulus Y m ϭ 70.6 GPa, bulk modulus B m ϭ 75.2 GPa, and shear modulus G m ϭ 26.2 GPa. The similar value of the plasmon energy for the u ' precipitates indicates that their elastic modulus~as well as the bulk and shear moduli! is similar to that of Al, that is, Y m ϭ 70.4 GPa~Bhat and Laird, 1979! and G m ϭ 25.4 GPa~Moan and Embury, 1979!, in contrast to the case of the Ti hydrides discussed below. This further implies that the strengthening effect of u ' may arise from factors such as the ordered crystal structure and misfit of the u ' phase in the Al matrix in relation to plastic deformation, rather than to the elastic modulus of the u ' phase per se~Embury et al., 1989!.
g-TiH x Phase
The formation of hydrides in Ti causes severe embrittlement of the alloys, making them unsuitable for applications in H-containing environments~Senkov et al., 1996!. As shown in the bright-field TEM micrograph in Figure 5c , the g-hydride precipitates form as 25-70-nm-thick, lath-shaped particles of several hundred nanometers in length on the $01 N10% planes in the Ti-rich matrix on aging~Bourret et Shih et al., 1988!. In situ deformation TEM studies have shown that cracking occurs through the brittle hydrides and/or along the hydride/matrix interface~Shih et al., 1988!. Figure 5d showed PEEL spectra obtained from the adjacent a-Ti matrix~1! and TiH x precipitates~2, 3! acquired under identical conditions. The value of 20.1 6 0.1 eV was found for most of the hydrides examined. This is close to the experimental value of 20.0 6 0.5 eV and calculated value of 19.4 eV reported for Figure 1a , a plasmon peak energy E p ϭ 20.1 eV, which is approximately 3 eV higher than the surrounding matrix, indicates that the hydride particles are significantly stiffer than the a-Ti matrix. In fact, this corresponds to Y m ϭ 125.9 GPa, B m ϭ 100 GPa, and G m ϭ 50.1 GPa for the hydride phase. The higher elastic moduli as compared to the a-Ti matrix may explain the brittleness of the hydrides and the propensity for cracking through the hydrides and/or along the hydride/matrix interface.
The mechanical properties of materials depend strongly on factors such as the grain size, the sizes and morphologies of second phases, and the density of dislocations. For example, a decrease in grain size significantly increases the yield strength and hardness of metal alloys according to the Hall-Petch relationship~Hirth and Loethe, 1982!. It is also known that the finite size of small particles and nanophases may confine the spatial electron distributions, thus leading to quantized energy levels~quantum size effects! and, as a result, to novel unusual mechanical, optical, and catalytic properties~Wang, 2000!. However, only a limited number of theoretical studies~Fujimoto and Komaki, 1968; Ruppin and Yatom, 1976; Ruppin, 1978 ! and experimental data for metallic and oxidized Al~Batson et al., 1976! and Ga and Sn nanoclusters~Acheche et al., 1986 ! are available on the relationship between the volume plasmon energy and peak width to particle size. These indicate that the plasmon peak energy and width should increase as the particle size decreases below about 5-10 nm, because the maximum wavelength of a volume plasmon must be equal to or smaller than the particle diameter. This change in plasmon peak energy with particle size has important consequences when applying the technique to extract information about particles or phases with dimensions less than about 10 nm, and this issue will be explored in future research.
CONCLUSIONS
The obtained correlations between the experimental and calculated average elastic moduli/microhardness and plasmon peak energy indicate that plasmon energies can be potentially used to determine the local elastic moduli and microhardness of technologically important materials. This offers a unique approach to understanding material behavior at the nanoscale, particularly when metastable phases are involved. These correlations generally reflect~but not always, especially, for compounds! the dominant influence of the valence electron density on the resulting mechanical properties. There are still questions and uncertainties associated with the technique that remain to be quantified, such as the effects of bonding and structure type on the plasmon peak energies, but the examples on the g and u ' precipitates analyzed illustrate the potential of the technique to better understand structure-property relationships in materials. A: Ahn and Krivanek, 1983; AJ: Ashby and Jones, 1986; C: Callister, 2000; E: Egerton, 1996; HL: Hirth and Lothe, 1982; KM: Krenn et al., 1998; P: Puls, 1984; PF: Pfluger et al., 1984; PW: present work; O: Oleshko et al., 1996; R: Reimer et al., 1992; Ra: Raether, 1980; S: Srivastava, 1982 
APPENDIX
